Isolation of Mitochondria. Mitochondria were prepared essentially as described by Arron et al. (2) . The outer few mm and the midrib of K. daigremontiana leaves were excised and discarded, and the remaining tissue sliced into strips approximately 1 cm wide. The slices were incubated at 0 C for 30 min in a grinding medium (5 Oxygen Consumption. 02 uptake was measured polarographically in 2 ml of standard reaction medium (0.4 M sorbitol, 10 (17) . Enzyme Assays. Enzymes were solubilized with 0.5% digitonin and treated on a column of Sephadex G-25 as described previously (14) . Enzyme assays were performed spectrophotometrically at 23-25 C. NAD-malic enzyme was assayed as described by Chapman and Hatch (5), and aspartate aminotransferase according to Hatch and Mau (13) .
Other Assays. Protein was measured according to Lowry et al. (21) and ADP/O ratios according to Chance and Williams (4).
Chl was assayed in 80%o acetone by the method of Amnon (1) .
Mitochondrial protein was corrected for the contribution by broken thylakoids by assuming a protein to Chl ratio of 7:1 (20) . By this criterion thylakoids contributed only 10-20% of the protein in the washed mitochondrial pellet. The average yield of mitochondrial protein was 10-12 mg/mg original Chl.
RESULTS AND DISCUSSION
Respiratory Properties ofK. daigremontiana Mitochondria. Respiratory rates with several different substrates are shown in Table  I . The properties of isolated K daigremontiana mitochondria are similar to those obtained from Sedum praeltum (2), another CAM plant. Unusual features common to these CAM plants are: (a) a large resistance of NAD-linked substrate oxidation to the inhibitor rotenone, and the correspondingly low ADP/O ratios; and (b) rapid, coupled oxidation of exogenous NADPH.
NAD-linked substrate oxidation by most plant mitochondria is partly resistant to site I electron transport inhibitors, such as rotenone and peiricidin A, and this is considered indicative of a bypass of the initial portion of the respiratory chain including the first energy-transducing site (24, 28) . Resistance to rotenone is rarely more than 35% (28) , but in CAM leaf mitochondria the bypass appears to be the more prominent pathway of endogenous NADH oxidation. This implies that tricarboxylic acid cycle activity is less tightly controlled by oxidative phosphorylation, since substrate oxidation is only coupled to two phosphorylations instead of the usual three.
Addition of NAD to mitochondria oxidizing malate in the presence of rotenone had no effect on 02 uptake (data not shown),
in agreement with Arron et al. (2) , and in contrast to results with nonphotosynthetic tissues (9, 24) . Relief of rotenone-inhibited 02
uptake by added NAD is considered to be evidence for the transfer of reducing equivalents across the inner membrane, possibly via a transmembrane transhydrogenase (9, 10) . However, NAD stimulation is most pronounced when rotenone inhibition is severe (9) , and a more reliable test for transhydrogenase activity is reduction of added NAD in the presence of malate and antimycin A (10).
Respiratory-linked oxidation of exogenous NADH occurs in most plant mitochondria (24) . Oxidation of external NADPH is less common, but may be more widespread than previously considered. In addition to K. daigremontiana mitochondria, NADPH oxidation has been observed in corn shoot (19) , Sedum praealtum (2), potato tuber (Day and Arron, unpublished observation), and pea leaf (Day and Wiskich, unpublished observation) mitochondria. It is tempting to speculate that in these tissues the mitochondria are involved in reoxidation of cytoplasmic NADPH, but the fate of the ATP produced by this process is not clear. Exogenous NADPH oxidation does not occur in all leaf mitochondria, however; for example, isolated spinach and Atnplex spongiosa leaf mitochondria oxidize it very slowly with no respiratory control (Day, unpublished observations). It is unlikely that NADPH oxidation is due to a phosphatase converting NADPH to NADH (which could then be oxidized by the respiratory chain), since 02 consumption rates are similar with both substrates (Table I) . Glycine is also oxidized by K daigremontiana mitochondria, but much more slowly than other substrates (Table I) . NAD-Malic Enzyme. Approximately 85% of total NAD-malic enzyme activity is recovered in the mitochondrial (9,000g) pellet, confirming its mitochondrial location (11, 25) . Estimated wholecell activity is much the same as that reported by Dittrich (11) , that is, 150-170 ,umol h-' mg Chl-1. Aspartate aminotransferase activity in the cell homogenate is also high (average, 600,umol h-1 mg Chi`), but only 10-15% of this activity was recovered in the washed mitochondrial pellet. The rest of the activity was associated with the 9,000g supernatant, suggesting a cytoplasmic origin.
Properties of solubilized malic enzyme were similar to those reported by Dittrich (11) . Response Decarboxylation rates with a typical preparation of mitochondria are shown in Table II . Under the conditions chosen the NADH produced by malic enzyme is reoxidized by the respiratory chain, and therefore malate decarboxylation is stimulated by ADP and inhibited by antimycin A. However, the respiratory chain can be bypassed by supplying aspartate and a-ketoglutarate with malate (Table II) . Transamination of aspartate provides an internal source of OAA, and NADH can then be oxidized via malate dehydrogenase. Such a system has been proposed for C4 plants (15) , but the rates observed with bundle sheath mitochondria are much greater than those shown in Table II . Nonetheless, malate decarboxylation under these conditions is substantial compared to in vivo rates (Table II) , and the aspartate + a-ketoglutarate system may be important when respiratory chain activity is restricted by energy charge. The dual location of transaminase in the cytoplasm and mitochondria (see above) supports this idea. That is, conversion of malate to OAA by cytoplasmic malate dehydrogenase, followed by transamination of OAA with glutamate by cytoplasmic transaminase, will yield aspartate and a-ketoglutarate. Reverse transamination within the mitochondria will then provide OAA to reoxidize mitochondrial NADH. It is envisaged that in vivo the glutamate formed in the matrix is recycled to the cytoplasm while the malate generated in the matrix becomes the substrate for malic enzyme, as proposed in (15) . With isolated mitochondria it is necessary to add some malate, presumably to "spark" the system (15) . Since in vivo NADH would be formed in the cytoplasm during conversion ofmalate to OAA, mitochondrial NADH is effectively transferred to the cytoplasm by this system. However, reoxidation of cytoplasmic NADH may still be a problem (23) .
Omitting Pi from the reaction medium inhibits malate decarboxylation (Table II) . The requirement for Pi probably reflects transport of malate on the dicarboxylate carrier (see 27) (Fig. 3) .
Malate oxidation is stimulated by Pi even when oligomycin is added to prevent interaction with the coupling mechanism (Fig.  3B) . Butylmalonate, a selective inhibitor of the dicarboxylate carrier (27) , inhibits both Pi stimulation and state 3 respiration (Fig. 3C) (6, 26) .
An attempt was made to estimate the capacity of the mitochondna to oxidize the pyruvate formed during malate decarboxylation. In the absence ofTPP (a cofactor of pyruvate dehydrogenase) large quantities of pyruvate accumulate ( Fig. 1 and Table III) . Washed plant mitochondria often lack sufficient quantities of this cofactor to allow rapid operation of pyruvate dehydrogenase (e.g. see 7) . When TPP is added to the mitochondria, varying amounts of the accumulated pyruvate are oxidized (Table III) . The variation between different mitochondrial preparations presumably reflects different pyruvate dehydrogenase activities, but as much as 60%1o of the pyruvate may be oxidized when ADP is present.
How much is oxidized in vivo will depend on the activity of the respiratory chain and pyruvate dehydrogenase, both of which are influenced by the energy status of the mitochondria. In the presence of high levels of ATP, pyruvate oxidation is likely to be inhibited and the pyruvate formed by malate decarboxylation presumably leaves the matrix to be converted to starch (25) . However, under conditions of low energy charge significant quantities of pyruvate may be oxidized by the tricarboxylic acid cycle.
The pH of the reaction medium can also influence malate oxidation and decarboxylation. 02 uptake with malate (in the presence of TPP) is linear at pH 7.1 (Fig. 4A) , but falls off rapidly at pH 7.6 (Fig. 4B) . Subsequent addition of pyruvate at pH 7.6 restores 02 uptake (Fig. 4B) . Analysis of the products of malate oxidation (in the absence of TPP) show that as the pH of the medium is raised from 6.5 to 8.0, pyruvate accumulation decreases and OAA accumulation increases (Table IV) OAA accumulate in vivo. In vitro, under the conditions employed in Table IV , some of the OAA which accumulates probably does so in the external medium since OAA exchanges for added malate (10) .
At pH 7.1 no inhibition of 02 uptake is seen because pyruvate is produced in the matrix and OAA is consequently removed when TPP is present (Fig. 4A) . When TPP is omitted at pH 7.1 some inhibition with time occurs (not shown) but not as much as that seen at pH 7.6 (Fig. 4B) Figure 3 , except that 0.1 mm TPP and 5 mm Pi were included in the medium in both cases, and 50 pm acyanocinnamic acid in trace B, dotted line. Where indicated, 1.0 ,mol ADP and 10 mm pyruvate were added. Inclusion of a-cyanocinnamic acid in the medium prevents stimulation of 02 uptake upon pyruvate addition at pH 7.6 ( Fig.  4B ), but has no effect on internal pyruvate oxidation (data not shown).
Cyanocinnamic acid is a powerful and specific (at low concentrations) inhibitor of pyruvate transport in plant (7) and animal (12) mitochondria, and the results in Figure 4 suggest that K daigremontiana mitochondria have a conventional monocarboxylate carrier which catalyzes pyruvate-OH exchange (12) .
The effect of pH on pyruvate formation is observed even when aspartate and a-ketoglutarate are present (Table IV) , and the results collectively suggest that malic enzyme activity is reduced when the pH is increased above 7.3. Similar effects of pH were observed with cauliflower bud mitochondria by Macrae (22) , who attributed them to a direct effect of external pH on matrix malic enzyme activity. An alternative explanation must be sought for K daigremontiana mitochondria, since solubilized malic enzyme is only slightly affected by pH change while pyruvate formation by intact mitochondria decreases dramatically between pH 7.2 and 7.4 (Fig. 5) . The mechanism by which external pH influences intramitochondrial malic enzyme activity is not readily apparent, although it may involve an effect on anion transport which is faster at lower pH (16, 18) . That is, a lower pH may lead to higher intramitochondrial substrate levels. This may be particularly important if the mitochondrial levels of CoA are insufficient to fully activate malic enzyme. Nonetheless, the fact that anions generally enter more rapidly at low pH cannot alone explain the sudden break in the pH curve (Fig. 5) 
